ABSTRACT: The purpose of this study was to describe the normal 3D orientation and shape of the subtalar calcaneal posterior facet. This is not adequately described in current literature. In a supine position both feet of 20 healthy subjects were imaged in a simulated weight-bearing CT. A cylinder and plane were fitted to the posterior facet of the surface model. The orientation of both shapes was expressed by two angles in (1) the CT-based coordinate system with the axis of the foot aligned with the sagittal axis and (2) a coordinate system based on the geometric principal axes of the subject's calcaneus. The subtalar vertical angle was determined in the intersection in three different coronal planes of the cylinder. The cylinder's axis oriented from supero-postero-laterally to infero-anteromedially. The plane's normal directed supero-antero-medially in the CT-based coordinate system, and supero-antero-laterally in the other coordinate system. The subtalar vertical angle was significantly different (p < 0.001) between the three defined coronal planes and increased from anterior to posterior. The mean diameter of the fitted cylinder was 42.0 AE 7.7 mm and the root mean square error was 0.5 AE 0.1 mm. The posterior facet can be modelled as a segment of a cylinder with a supero-postero-lateral to infero-antero-medial orientation. The morphometry of the posterior facet in a healthy population serves as a reference in identifying abnormal subtalar joint morphology. More generally this study shows the need to include the full 3D morphology in assessing the orientation of the subtalar posterior facet. ß
The hindfoot is a complex biomechanical unit that must support the whole body weight and has a crucial contribution in gait and propulsion. 1, 2 The subtalar joint (or talocalcaneal joint) has variation in the number and connections between the articulating facets on the superior surface of the calcaneus. 3, 4 The posterior facet of the subtalar joint is the largest and is always present. There is variation in its orientation and this has been linked to the development and progression of osteoarthritis, 5, 6 and to adult-acquired flatfoot deformity. 7 The posterior facet is convex in a sagittally oriented plane and flat or slightly concave in a coronally oriented plane. 8 Previous studies that addressed the orientation of the posterior facet used the angle of the facet with the proximo-distal axis, also known as the subtalar vertical angle (SVA), in one or multiple coronal planes. 6, 9, 10 In other literature, such as the frequently cited review of Sarrafian in 1993, the orientation was presented only in a sagittal plane. 8 All these studies are limited by their two dimensional approach. The complex 3D morphology seems to be the reason that imaging of the subtalar joint to date is highly unreliable; the joint cannot be visualized in an adequate manner on plain radiographs. 11, 12 Computed Tomography (CT) scans give a better impression of the morphology. 11 However, even in this imaging modality the determination of angles is dependent on the selected plane(s). This is illustrated by the finding that SVA values are different between coronal planes through the facet at different locations along the anteroposterior axis. 6, 10 Until recently, CT was limited to non-weight-bearing conditions, but weight-bearing CT scans have shown advantages above plain radiographs and non-weight-bearing CT. 13, 14 In this loaded condition the bones are orientated differently than in the unloaded condition. 13 The foot and the joints are in a physiological and meaningful plantigrade position, other than a typically non-weight bearing equinus inversion-supination orientation. Weightbearing CT will potentially broaden the functional and morphological understanding of the largest joint in the foot. 13, 14 However, many institutions do not have a weight-bearing CT facility and simulated weight bearing has been used as an alternative. 15 In order to express an orientation, one must choose a coordinate system. The choice can influence the outcome and thus has to be reproducible. 6 The orientation can be expressed in reference to the coordinate system of the 3D CT image. It is obvious that the orientation in reference to a CT coordinate system is dependent on the alignment of the foot in the scanner, but no standard protocol for the assessment of the 3D images has been established for clinical CT scans. In order to overcome the introduced variation of foot positioning it is possible to define a coordinate system based on the morphometric features of the calcaneus itself. A reference based on the calcaneus itself could be a temporary solution in future research. We used a method to standardize the orientation of the foot in simulated weight bearing CT and express the orientation of the posterior facet both in a CT based coordinate system of the standing foot and in a calcaneus based coordinate system. Kapandji 16 described the posterior facet as a segment of a cylinder with its axis orientated obliquely anteroposteriorly, lateromedially and slightly superoinferiorly. We used this description as a starting point to more fully account for the 3D morphology.
The main purpose of this study was to assess the orientation and the curvature of the posterior facet in a healthy population. We believe this will serve future investigation on the influence of the subtalar joint on the evolution of ankle joint arthritis in valgus and varus hindfoot deformities. The second objective was to identify the relation between the 3D morphology and the SVA in different coronal planes. The third goal was to compare the orientation of the posterior facet of the subtalar joint using both the 3D CT image coordinate system and the coordinate system based on the anatomy of the calcaneus on simulated weightbearing CT scans.
METHODS
This study was approved by our IRB (registration number NL60684.018.17). For this study healthy volunteers were recruited through public flyers distributed in our hospital. Inclusion criteria were that the volunteers were healthy, and symptoms free in their lower extremities at the time of study inclusion. Females who were pregnant or wanting to become pregnant at the time of volunteer recruitment were excluded. Additionally, participants who had a history of lower extremity trauma and/or surgery were excluded. Also participants who had undergone a CT scan in the previous year or were planned to undergo a CT scan in the upcoming year at the time of the study inclusion were excluded from the study.
Image Acquisition
A simulated weight-bearing device was custom made for the present study as our hospital does not have a standing weight-bearing CT scanner (Fig. 1) . The subject was seated on the device in a horizontal standing position and the upper body resting against a back rest at an inclination angle of 53 degrees, similar to a study performed by to Zhang et al. 15 The subjects were asked to place their feet on the movable footplate and to extend both legs in order to push away the moveable footplate. Between the footplate and the fixated frame a cord with a digital spring balance was attached (Type HCB200K500, KERN & SOHN GmbH, Balingen, Germany). The stretch in the cord allowed the extension of the legs and the force that was required for this stretch was assessed through the digital spring balance. This was repeated and the length of the cord adjusted until the desired force (equal to the body weight as measured in Newton) was reached. Through this manner an active simulated body weight loaded situation was created. In this final position and loading a CT scan was made from the footplate up to the level of the knee joint 
Shape Analysis of the Posterior Facet
The talus and calcaneus were segmented in the CT images with custom made software, which was developed at our academic hospital. 17 This resulted in virtual 3D surface models of the talus and calcaneus. The surface of the posterior facet of the calcaneus was defined as that area of the calcaneal surface where the smallest distance of each point to any surface point of the talus was less than 4 mm, with the restriction that the angle between the normal vectors of the surface at these points (i.e., perpendicular to the bone surface) was less than 30 degrees. 18 The optimal threshold was determined by visual inspection for several feet and with several different thresholds. In the software the areas of both the calcaneus and talus are highlighted with these thresholds and the chosen thresholds resulted in the best result. The effect of a variation of the 4 mm distance threshold and 30 degrees angle threshold on the cylinder fit (see further) was evaluated by repeating the cylinder fit with 3.5 and 4.5 distance thresholds and 25 and 35 degrees angle thresholds on the data set of two randomly selected feet. The left calcanei and facets were mirrored to right calcanei and facets for further analyses in a corresponding orientation.
The shape and orientation of the posterior facet was modelled as a segment of a cylinder. 16 This gives information about the orientation and curvature of the facet by means of the orientation of the cylinder's axis and the diameter, respectively. Additionally, the facet was modelled as a plane. The plane's normal (i.e., the vector perpendicular to the plane) was positioned in the centroid (calculated as the mean of the 3D points) of the facet. The plane's normal gives a rough approximation of the orientation of the facet, but also gives information concerning the location of the segment in the fitted cylinder which is not defined otherwise. The cylinder was fit to the point cloud of the posterior facet (the point cloud consists of the 3D points or vertices that are connected in the 3D surface model) using a nonlinear least-squares optimization process with the axis in a predominantly transverse orientation. The plane was fit to the point cloud of the facet by minimizing the normal quadratic distance. The root mean square errors for the cylinder and plane were calculated as a measure for the accuracy of the fit.
Plane and cylinder fitting, and determination of the angles (see further) were processed with custom made routines in Matlab (MATLAB Release 2016a, The MathWorks, Inc., Natick, MA).
Expression of the Orientation and Coordinate Systems
The cylinder's axis and the plane's normal were determined in 1) the CT-based coordinate system and 2) in reference to the principal axis of the calcaneus (Fig. 2) . For each foot in the CT-based coordinate system the 3D image was virtually rotated around the proximo-distal axis (Z-axis) such that the line between the center of the heel and the base of the 2nd metatarsal (representing the axis of the foot) directed anteriorly. 6 The position of the calcaneus in the CT-based coordinate system, after rotating the axis of the foot in the anterior direction, was considered a standing position and in reference to the principle axis of the calcaneus was considered an anatomical position. The origin of both coordinate systems was placed in the centroid of the calcaneus. The centroid was calculated as the mean of all vertices.
The orientation of the cylinder's axis and plane's normal were expressed with two angles. The first was the inclination angle: The angle between the cylinder's axis or plane's normal and the XY-plane. The second was the deviation angle: The angle between the projection of the cylinder's axis or plane's normal on the XY-plane and the Y-axis, or the sagittal plane. A negative inclination angle corresponds to an inferiorly or plantarly orientated axis or normal. A negative deviation angle corresponds to a medially orientated axis or normal (Fig. 3) .
Determining the Subtalar Vertical Angle
In analogy to previous studies, the SVA was determined in three coronal planes (Fig. 4) . 6, 9, 10 A middle coronal plane of the posterior facet was defined by the midpoint between its most posterior and anterior points. Two additional planes, respectively 5 mm anterior and posterior to the middle coronal plane, were defined. A part of the cylinder was selected within the boundaries of the facet (boundary box). This part was cut by the three coronal planes. At each coronal plane a line was fitted to the curvature of the selected part of the cylinder. The angle of this line with the vertical or Z-axis was calculated as the SVA. The SVA was only determined in reference to the standing position.
Determining the Rotation Angles From One Coordinate System to the Other The principal axes of the calcaneus in standing position were determined. The rotation angles to place the principal axes parallel to the axes of the (global) CT coordinate system were calculated. This is the position of the calcaneus in an anatomical position. The rotation sequence was XYZ.
Determining Foot Shape
The foot shape was analyzed with the Meary's Angle. 19 A digitally reconstructed radiograph of the lateral ankle was made based on the 3D CT image with the axis of the foot in sagittal direction (the same orientation as for the determination of the posterior facet in standing position). Feet with indexes outside the range of <À5 degrees (pes cavus) or >8 degrees (pes planus) were excluded from further analysis. 20 Figure 2. Graphical representation of the right calcaneus of one subject in both coordinate systems. (A) proximal view, (B) anterior view, (C) lateral view. Top row is the calcaneus in the CT coordinate system after aligning the axis of the foot with a sagittal axis. Bottom row is the calcaneus in the coordinate system based on its principal axes (For a better conception of the 3D aspects, the reader is encouraged to consult the interactive 3D figures in the supplementary file [ Fig. S-1] ).
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Statistical Analyses All data of the cylinder and plane fit parameters and SVAs were analyzed for normal distribution with the Shapiro-Wilk Test. Statistical differences between the orientation angles of the cylinder, plane and the principal axes between the standing position and anatomical position were tested with a paired Student t-test. Statistical differences between the SVAs at the three coronal planes was tested with a repeated 
RESULTS
Twenty volunteers participated, 10 male and 10 female, and signed informed consent. The mean age was 35.9 AE 11.1 (range, 23-59) years and the mean weight was 76.9 AE 11.1 (range, 58-95) kg. The mean Meary's Angle was 0.4 AE 3.3 (range, À4.9 to 6.9) degrees, thus no foot had an abnormal longitudinal curvature aside from a very mild form of pes planus or pes cavus. Based on this measurement all feet were included in further analyses (n ¼ 40).
3D Orientation of the Posterior Facet and the Curvature
The direction of the cylinder's axis was in a superopostero-lateral to infero-antero-medial direction for both the standing and anatomical positions. In the standing position the inclination angle of the cylinder's axis was more negative compared to the anatomical position (Table 1) . This corresponds to a more plantarly directed orientation. The inclination angle in the anatomical position was only a few degrees, almost lying in the axial plane. The deviation angle was less negative in the standing position relative to the anatomical position. This corresponds to a more anteriorly directed orientation. Both angles were significantly different between the two positions (p < 0.001). The diameter of the fitted cylinder for the left side was 41.9 AE 7.4 (range, 30.5-56.6) mm and for the right side 42.2 AE 8.2 (range, 31.8-58.9) mm.
In the standing position, the plane's normal was directed in an anterior, superior and medial direction (Table 1 ). In the anatomical position the mean inclination angle was lower and the normal was orientated laterally. Both angles were significantly different between the two positions (p < 0.001). The plane's normal at the centroid of the posterior facet was approximately perpendicular to the cylinder's axis (90.4 AE 1.6 degrees).
The average root mean square errors for the plane fit was 1.52 AE 0.19 and 1.57 AE 0.27 mm for the left and right facets respectively. The cylinder fit had lower average root mean square errors: 0.51 AE 0.10 and 0.50 AE 0.10 mm for the left and right facets respectively. Both angles of the cylinder's axis and plane's normal was normally distributed (Shapiro-Wilk Test, p > 0.05), except for the deviation angle of the cylinder's axis in the standing position for the left side (p ¼ 0.048).
A variation of the 4 mm distance threshold, for the isolation of the posterior facet from the whole calcaneal surface model, by þ0.5 and À0.5 mm did not change the cylinder's diameter, inclination angle or deviation angle. Variation of the 30 degrees angle threshold by þ5 and À5 degrees resulted in a maximal change of 0.8 mm for the diameter, 0.2 degrees for the inclination angle, and 0.8 degrees for the deviation angle.
Subtalar Vertical Angle
The SVA showed an increase from anterior to posterior (Table 2 and Fig. 4 for a graphical representation) . The SVA for the left and right side at all three coronal planes had a normal distribution. Mauchly's test showed that for the left side the assumption of sphericity was violated. Therefore the degrees of freedom were corrected with Greenhouse-Geisser. Results showed there were statistically significant Table 2 ).
Rotations Between the Two Coordinate Systems
The calcaneus had a different orientation between its standing and anatomical position, in reference to the CT coordinate system (after rotating the axis of the foot in anterior direction) and its principal axes, respectively. In the standing position the anterior process of the calcaneus was orientated more laterally in the axial plane (mean rotation about the Z-axis of 5.2 AE 4.1 degrees), more superiorly in the sagittal plane (mean rotation about the X-axis of 16.7 AE 4.1 degrees), and the calcaneus was tilted medially in the coronal plane (mean rotation about the Y-axis of 25.8 AE 6.6 degrees), in comparison to the anatomical position (with a rotation sequence XYZ). All angles were significantly different between the two positions (p < 0.001). This difference in orientation was, as expected, also reflected in the orientations of the cylinder's axis and plane's normal. The distribution of the inclination and deviation angle of the cylinder's axis and the plane's normal was not significantly different between the two coordinate systems.
DISCUSSION
The most important finding of the present study is that the posterior facet of the calcaneus of the subtalar joint can be described as a cut out of a cylinder with a supero-postero-lateral to infero-antero-medial axis in a healthy population. The facet directs, as expressed by the normal of a plane fit, in an anterior, medial and superior direction. The plane fit resulted in higher values for root mean square errors, thus in a poorer fit, than the cylinder fit and only gives a rough approximation of the orientation. Moreover, the acquired accuracy of the cylinder fit was comparable to that of a cylinder fit to the trochlea tali surface in a related study by Huang et al. 21 Also, the visual inspection confirmed that a segment of a cylinder is an appropriate representation for the shape and orientation of the posterior facet. These findings closely resemble the descriptions of Inman and Kapandji which were used as a starting point of our analysis. 16, 22 Since this present study is a survey of the normally shaped feet, all included feet were asymptomatic and were subsequently classified by the Meary's Angle. 19 The angles were within normal ranges with only very mild pes planus or pes cavus feet at the extremes. 20 This selection makes the assumption that the feet were normal trustworthy. The average orientation of the axis of rotation of the subtalar joint as reported in the literature has an inclination angle of 42 degrees and a deviation angle of À23 degrees in a standing position with the sagittal axis parallel to the midline of the foot. 8 The axis of rotation runs from the superomedial aspect of the talar neck, through the medial aspect of the tarsal canal to the posterolateral corner of the calcaneus. 8 Based on the orientations of the rotation axis and the cylinder's axis of the present study we can postulate that parts of the joint surfaces cannot maintain contact through the whole range of motion. For instance, during supination the talus will abduct, dorsiflex, evert and posteriorly translate relative to the calcaneus. This motion will result in a gap at the posterolateral side. This proposed mechanism is in line with previous descriptions of motion of the posterior subtalar joint. 8, 16, 22 Our method with advanced 3D imaging and shape analysis was applied to more fully account for the 3D morphology. Previous studies are limited in their assessment of the 3D orientation because the studies solely utilized a single anatomical plane. 6, 8, 9, 10, 12 The oblique orientation of the facet or cylinder has a direct relation to the SVA at different coronal planes along an anteroposterior direction. To fully appreciate this relationship, one is advised to consult Figure 4 (or preferably online the supplemental figures [ Fig. S-1] ). Posteriorly the SVA will be greater than anteriorly. Our acquired values by the virtual models are in line with the angles determined on true weight-bearing CT images with the same foot orientation of the study of Krahenbuhl et al. 6 They found SVAs in a healthy control cohort (n ¼ 20, 10 male and 10 female) with a median of 85, 96, and 107 degrees for the anterior, middle and posterior coronal plane respectively (based on Fig. 3 of their article) . These findings confirm the appropriateness of the chosen geometrical shape model in the present study and demonstrates that the simulated weight-bearing was a proper alternative for true weight-bearing CTs.
Additionally, the present study showed that the orientation is dependent on the particular chosen coordinate system. The principal axes of the calcaneus are calculated and are dependent on the whole geometry of the calcanei, as Parr et al. discussed for the talus. 23 The calcanei were superimposed over one another by using their principal axes, and by visual inspection the alignment appeared to be comparable. However, no quantitative analyses were performed on this issue. In the CT scanner the subject can place their feet in a variable manner and this obviously has an influence on the orientation of the foot relative to the CT coordinate system. The subjects were instructed to place their feet on the footplate as they would when they were standing normally. In the postprocessing the position of each foot was standardized by virtually rotating the feet in the axial plane such that the line from the center of the heel to the base of the 2nd metatarsal directs anteriorly. 6 Thus the feet were in a normal physiological position, but were virtually aligned for a matching orientation. This makes that the results are reproducible and makes translation possible to further research. In order to interpret the relationship of the subtalar joint orientation to the development of pathological conditions such as tibiotalar varus and valgus asymmetrical osteoarthritis, it will be necessary to develop a new reference coordinate system based on the tibia or on a larger segment of the lower extremity. The orientation of the ankle joint and subtalar joint with reference to the tibial axes, ideally the kinematics in a 4D description included, could provide an insight in the role of pathoanatomy in the coupled motions of the hindfoot. The comparison between a standing and an anatomical position showed no reason to state that the standing position was more variable. The acquired values for rotations over the three axes from the anatomical position (based on the principal axes of the calcaneus) to the weight-bearing 'standing' position can be used to transform any calcaneus from a random position to approximate the orientation in a standing position. This makes it possible to use also other (nonweight bearing) CT images of feet in different positions, although this transformation requires further research. We advise to use the standing position in future studies as this is a physiological meaningful position, and to use the anatomical position when weight-bearing is not possible. Weight-bearing ensures physiological alignment of the hindfoot and therefore allows measurements that represent clinical practice.
The method to isolate the posterior articular surface from the whole calcaneal surface model was based on an algorithm with chosen thresholds. The software allowed a clear visualization of the selected area. For example, a distance threshold of 3 mm resulted in holes in the surface of the facet. Our analysis of the threshold variations within a realistic range from the chosen values resulted in small changes compared to the standard deviation of the cohort and can be considered of minor influence on the outcomes. Apart from a first identification of appropriate thresholds the method is objective and reproducible, and appears to be robust.
The present study does have some limitations. Although the facet was analyzed in 3D and our approach is new, it should be noted that a geometrical shape analysis, a cylinder and a plane in our case, is still a simplification of the true morphology, which inevitably yields a residual error. It is demonstrated that, obviously, a plane is a too simple representation for this complex anatomical structure. Another geometrical shape, such as a cut out of a conus or a saddle shaped surface might result in smaller residual error. 21 However, a saddle shape is difficult to interpret. Furthermore, the present study was not designed to change the decision making in a clinical setting. The results are not easily acquired and no pathological feet were analyzed. Simulated weight bearing also has its limitations and is second best to a true physiological load. The next steps will be to use full weight bearing CTs and include patients with malalignment.
In conclusion, this study showed that the posterior facet of the calcaneus of healthy subjects can be modeled as a segment of a cylinder of which the orientation is oblique in all three anatomical planes; anteroposteriorly, lateromedially and slightly superoinferiorly. Because of this oblique nature, any determination of the orientation in 2 dimensions, as in plain radiographs or CT slices, is prone to errors. As the facet is three dimensional we advise to take this into consideration in clinical practice, such as when determining the SVA and when conducting future studies. Furthermore, the orientation depends on the chosen coordinate system. The present study demonstrated this and quantified the differences between a standing position of the calcaneus and an anatomical position. Finally, our simulated weight-bearing CT protocol provides a suitable alternative for those institutes that do not have a standing weight-bearing CT facility.
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